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A passive portable microfluidic blood-plasma separator for 
simultaneous determination of direct and indirect ABO/Rh blood 
typing  
Shadi Karimi,a Pouya Mehrdel a , Josep Farre Llados a and Jasmina Casals Terre a 
Blood typing test is mandatory in any transfusion, organ transplant, and pregnancy situation. There is a lack of point-of-care 
(POC) blood typing that could perform both direct and indirect methods with a single droplet of whole blood. This study 
presents a new methodology to combine a passive microfluidic blood-plasma separator (BPS) and a blood typing detector 
for the very first time; leading to a stand-alone microchip which is capable of determining the blood group from both direct 
and indirect methods simultaneously. The proposed design separates blood cells from plasma by applying hydrodynamic 
forces imposed on them, which overcomes the clogging issue and consequently maximizes the volume of the extracted 
plasma. Axial migration effect across the main channel is responsible for collecting the plasma in plasma collector channels. 
The BPS novel design approached 12% yield of plasma with 100% purity in approximately 10 minutes. The portable BPS was 
designed and fabricated to perform the ABO/Rh blood tests based on the detection of agglutination in both antigens of RBCs 
(direct) and antibodies of plasma (indirect). The differences between agglutinated and non-agglutinated samples were 
distinguishable by the naked eye and also validated with particle analysis of microscopic pictures. The results of this passive 
BPS in ABO/Rh blood grouping verified the quality and quantity of the extracted plasma in practical applications.
Introduction 
Blood is the most important body fluid in clinical diagnosis and 
also one of the simplest way to determine the internal 
performance of the human body. Blood is a mixture of various 
particles such as red blood cells (RBC), white blood cells (WBC) 
and platelets suspended in plasma. The plasma, which is around 
55% of blood volume, contains various circulating biomarkers 
such as antibodies [1]. Different blood types exist due to the 
presence or absence of certain antigens on the surface of the 
RBCs and antibodies in the plasma. According to Landsteiner’s 
law [2], if an antigen is present on patient RBCs, the 
corresponding antibody will not be present in the plasma under 
normal conditions. Non-compatible blood types would lead to 
an agglutination which is a visible clumping of RBCs with a 
particular antibody that indicates the presence of the specific 
corresponding antigen on the RBCs being tested. The absence 
of agglutination (a smooth stream of dilute RBCs) indicates that 
there is no specific corresponding antigen on the RBCs’ surfaces. 
There is a standard category for blood grouping by differences 
in proteins available on RBCs’ surfaces: type A (only A antigens), 
type B (only B antigens), type AB (both A and B antigens), type 
O (neither A nor B antigens). Additionally, the presence or 
absence of rhesus (Rh) factor (D) on the RBCs' surface divides 
each blood type into (Rh+) and (Rh-), respectively. A person with 
(Rh-) does not have Rh antigens naturally on their RBCs. This is 
the reason that a person with (Rh+) can receive blood from a 
person with (Rh-) without any problems [3]. Transfusion of non-
compatible blood can result in severe health problems or 
sudden death. Currently, there are more than thirty genetic-
based blood typing methods [4]. However, ABO system [2] and 
(Rh) system [5] which were discovered by Karl Landsteiner are 
the most important ones that are required for blood 
transfusions. Agglutinated blood cells can be detected using 
different assays with reliable sensitivity such as the traditional 
slide test, the tube test, the microplate method, gel column 
agglutination, and affinity column technology. These assays 
require special laboratory instruments operated by trained 
laboratory personnel, which increases the relative costs [6]. 
There are various modern technologies in ABO/Rh blood group 
typing as well, such as molecular blood typing, synthetic 
receptors, natural receptors, paper-based [7-10], emerging 
strategies, and blood test kits [6]. In emergency diagnosis, 
lateral flow assays based on a functionalized cellulose 
membrane are more common but less accurate. However, 
classical methods of blood typing still considered the most 
reliable and, therefore, adopted in clinical laboratories [3]. 
Recently the Micronics ABORhCard provided a rapid, credit card 
sized test for the simultaneous determination of an individual’s 
ABO/Rh type from a finger prick sample of whole blood in 2 
minutes [11]. A recent study of 26 fatal accidents due to the 
incompatibility of ABO/Rh showed that in 24% of the cases pre-
transfusion bedside compatibility test (PBCT) was not done at 
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the patient bedside, in 32% the PBCT was not done at all, and in 
44% it was done on the transfused unit and not to the patient. 
Human mistakes related to blood typing are cited as the most 
frequent cause of problems in transfusion. Another study of two 
commercial POCT showed that the error occurred in 30% of the 
assays. The errors were attributed to the poor technique of the 
operator, device failure or incorrect interpretation [12]. 
Generally, there are two methods of ABO/Rh blood typing: 
Direct (forward) typing is based on a possible reaction of the 
antigens around the patients’ RBCs while indirect (reverse) 
typing utilizes the reaction of natural antibodies from their 
plasma with identified RBCs. The results from performing these 
two methods simultaneously would significantly decrease the 
possible errors in blood typing. In another word, serum 
grouping (indirect method) used to confirm results obtained in 
RBC grouping (direct method). Conventional blood typing in 
most countries requires both direct and indirect methods. In 
order to perform the indirect method, the plasma needs to be 
extracted from blood since the existence of blood cells in 
plasma reduces the precision during analysis by inducing a great 
level of noise in the biochemical tests results. Therefore, blood-
plasma separation is essential in blood analysis, disease 
diagnostics and other applications [13]. Centrifugation is 
generally accepted as the most conventional methods in blood-
plasma separation despite its drawbacks such as bulky, heavy, 
and high cost, manipulation error and a large volume of blood 
sample requirement. Few researchers have addressed the 
problem of centrifugation with a Lab-On-Chip (LOC) devices (CD 
format [14-17]) which may result in rupture of blood cells and 
produce an unnecessary noise in the system. Microfluidic 
devices have been considered as an effective manner to 
overcome these limitations. The main advantages of LOC 
devices are smaller volume requirement of a blood sample, 
preanalytical standardization, low cost, highly accurate, rapid 
measurements, portability and decreased laboratory workload 
[18] [21]. Therefore, filtration is one of the proposed separation 
methods that could replace centrifugation [22]. Several 
solutions are available for miniaturizing a blood-plasma 
extraction such as paper-based format [23, 25] and microfluidic 
chip format. The procedure of blood-plasma separation in 
microfluidic devices is classified into two categories; Active and 
passive. Active methods rely on external energy for cell 
separation such as acoustic [26, 27], electrical [21] [28-30] and 
magnetic [1] [31, 32], while passive methods work 
autonomously without the aid of external energy [19]. Passive 
methods usually rely on capillary forces which include 
sedimentation [33-36], cell deviation [37, 38], and 
microfiltration [39-41]. Lenk et al. [42] integrated a wedge 
structure between a plasma filter and a channel with pores to 
provide a capillary contact. The input to the device was a 30-60 
µl of whole blood which resulted in a 4 µl isolated plasma 
sample within 3 minutes. Maria et al.’s [35] microfluidic device 
could obtain 2 μl of plasma from 10 μl whole blood in 15 min 
with purification efficiency of 99.9%. The quality of plasma was 
validated by implementing a glucose detection test. Madadi et 
al. [39] had used cross-flow filtration and microposts when they 
achieved 0.1 μl of plasma from 5 μl of undiluted blood with a 
purity of 98% in 5 minutes and the extracted plasma was 
verified in TSH tests. Prabhakar et al. [43] designed a 
microfluidic channel with a combination of several effects such 
as Fahraeus effect, bifurcation law, cell-free region, centrifugal 
action, and constriction-expansion for blood-plasma 
separation. They achieved almost 100% of separation efficiency 
at a hematocrit level of 20 % but for undiluted blood, it was 
decreased to 80 %. 
Most of the passive technics are suffered from clogging problem 
[19, 20]. This issue limits the amount of plasma available for 
analysis and therefore the type of test that can be implemented 
using microchip filtration. For instance, in a blood typing test, 
the sample has to be divided into five branches (three RBC 
outlets, and two plasma outlets) in order to test the ABO/Rh 
group for both direct and indirect method. Therefore, to 
perform the test, an adequate amount of plasma is needed. 
Previous works, such as Madadi et al. [39] achieved 100% purity 
but it resulted in a limited amount of plasma due to final 
clogging. This limitation was improved in Mohamadi et al. [44] 
but external forces were used. The presented design uses a 
novel shape of the top channel such as bubble-based 
corrugated side channels, and an expansion-contraction 
geometry to improve the amount of extracted plasma 
compared to Mohammadi’s work which used an electric field to 
delay clogging. By the aid of a novel design of the top channel 
(dead-end zone) and cross-flow filtration, the proposed device 
achieves 6X the amount of extracted plasma from undiluted 
blood in less than 10 minutes compared to the previous design. 
The combination of the microfluidic BPS, that can maximize the 
volume of extracted plasma from a single droplet of whole 
blood, and a blood grouping detector concludes in developing a 
standalone ABO/Rh blood grouping chip in a single cartridge. 
This concept achieves fast, efficient, accurate, low cost and 
simple measurement of agglutination inside a passive microchip 
for both direct and indirect blood typing. 
Design and method 
Principle of design 
The proposed BPS design is taking advantages of several aspects 
including fluid dynamics, separation science and technology, 
and blood rheology in order to maximize the volume of 
extracted plasma. 
Figure 1 shows a schematic view of the BPS design, which is 
manufactured in two parts. The top part comprises a 25 µm 
depth main channel and two plasma collector channels with the 
same depth as Figure 1a illustrates. The geometry of the main 
channel improves blood plasma separation by increasing the 
perimeter of the channel compared to a simple straight 
channel.  Longer perimeter leads to having more space for 
releasing plasma. Three different corrugated designs for the 
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main channel have been investigated and compared by the 
simulation to be selected for fabrication. The bottom part 
includes an array of pillars with diamond shape (Figure 1b) 
which has been shown [39] that has the minimum fluidic 
resistance compared to other shapes such as circle, elongated, 
pine and rectangular. These pillars not only filters RBCs but also 
paves the way for collecting the separated plasma in the top 
part by using plasma collector channels. To approach this goal, 
the maximum pillar thickness is chosen to be 1.8 µm which is 
less than minimum RBCs diameter (2µm) to prohibit escaping of 
the cells from the main channel and achieve 100% purity in the 
extracted plasma. A droplet of blood is infused into the inlet and 
the main channel is initially filled, afterward, plasma is extracted 
through the arrays of pillars and collected at the plasma 
collector channels via capillary forces. During this process, 
stagnation zones are generated at the dead-end branches and 
some RBCs are trapped there. The hydrodynamic effect of the 
dead-end branch length is investigated [44] by numerical 
analyses of different corrugated channels. The length of the side 
channels is chosen to be 400 μm due to the results that 
highlighted the advantages of using long dead-end branches 
which hydro-dynamically, captures RBCs in the dead- end zones 
[39]. Several constrictions are added in the main channel to 
generate a local flow acceleration and delay the RBCs clogging 
of the filtration area. Besides, a larger zone is placed at the end 
of each corrugated channel, creating initially a bubble of air in 
the PDMS part. Figure 1c shows the microscopic pictures of the 
microchannel right after a droplet of undiluted blood is 
introduced into the inlet. As soon as the blood is dropped to the 
channel, the separation process starts by capillary force. As it’s 
shown in this figure bubbles are created in the large area of the 
corrugated channel. These bubbles vanish since PDMS is gas 
Figure 1 Schematic picture of the microchip and its dimensions (a) PDMS block that contains a main channel and two plasma 
collector channel (top part), (b) Etched glass with diamond pillars (bottom part), (c) microscopic picture of the creation of the air 
bubbles at the end of the side channels, (d) Initial process of trapping the particles during bubble disappearance, (e) schematic 
picture of an expected results of the ABO/Rh blood typing tests
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permeable and consequently pulls the RBCs to the side 
channels. Hydrodynamic separation through the generation of 
stagnation zones keeps the RBCs at the end of branches. In fact, 
these bubbles work as a vacuum system to pull RBCs from the 
main channel to the sides. Hence, the clogging process at the 
main channel is postponed, leading to the extraction of a higher 
volume of plasma from a droplet of undiluted blood. In Figure 
1d, the trapped cells after bubble disappearance have been 
presented which help to postpone the clogging process in the 
main channel. The main advantage of this design is the 
efficiency and maximization of the amount of obtained plasma 
from an initial sample by the elimination of external forces. In 
order to use the extracted plasma in an application, this BPS has 
been designed to be a blood type detector which is able to work 
with both direct and indirect methods, simultaneously.  
The method used to determine blood type with the proposed 
device is based on the detection of agglutination via naked eye 
and the microscopic pictures to validate the visual results. 
Figure 1e illustrates the schematic of an expected formation of 
the positive and negative reaction of antigens and antibodies to 
determine the blood type from both methods. For instance, in 
Figure 1e a positive reaction with Anti-B and Anti-D and no 
reaction with Anti-A is depicted which indicates the blood type 
B-positive from the direct method. From the other hand, the 
results from the indirect method also indicate the blood type B, 
due to the reaction with Anti-A and no reaction with Anti-B. The 
results from the indirect method verify the results from the 
direct method.  
Simulation 
In order to study a better design for the main channel and divert 
more cells to the sides which postpones clogging process and 
consequently extract more plasma, three different designs with 
different corrugated shapes (Lopsided, Perpendicular, 
Misaligned-lopsided) are proposed. Figure 2 shows the 
schematics of the studied designs in a 2-D simulation. Fluid flow 
in a microchannel is assumed to be isothermal, incompressible, 
and laminar. Therefore, governed by the continuity, and 
momentum Navier–Stokes equations. These equations are 
expressed, respectively, as: 
       𝜵. ?⃗? = 𝟎       (1) 
   
𝝏?⃗? 
𝝏𝒕
= −(?⃗? . 𝜵). ?⃗? + 𝝑𝜵𝟐?⃗? −
𝟏
𝝆
𝜵𝒑 + ?⃗?     (2) 
Where ?⃗⃗?  is velocity vector, 𝝑 is kinematic viscosity, 𝝆 is density, 
𝒑 is pressure and ?⃗?  is body force such as gravity in this 
simulation.  
The plasma flow for this simulation is considered as a 
Newtonian flow, its density and viscosity are set to 1025 
[kg/m3] and 0.003 [kg.m-1.s-1]. The density of the particle is set 
to 1125 [kg/m3] since it is considered as RBC and its shape is 
assumed as a spherical with 5 µm in diameter. Commercial CFD-
code software, ANSYS-workbench, FLUENT 19.2 (ANSYS, Inc.) is 
used to simulate the simplified blood flow inside a 
microchannel. Benefiting from Finite Volume approach, this 
solver solves the continuity and the momentum equations, at 
the steady-state case, at each control volume with respect to 
the physical properties of the introduced fluids, initial settings 
and boundary conditions (velocity inlet and pressure outlet). To 
carry out the numerical analysis, the solver is set to the SIMPLE 
scheme and for solving pressure and momentum modules the 
configuration of the software is set to the second-order method 
and second-order-upwind method, respectively. 
The geometry meshed in ANSYS-workbench software. A grid 
independence study was done, based on four different mesh 
densities (low, medium, high and fine quality) while the residual 
was set to 10e-5 in all the cases. A quadratic mesh scheme with 
the minimum orthogonal quality of ~0.85 was allocated.  The 
number of grid cells varied from 36,000 cells as a low-quality 
scheme to 932,000 cells as a fine scheme. 
The mean interval size of each cell varied from 15 to 5 µm. 
Among those, the meshing configuration that provided 8 µm 
resulted in an acceptable answer accuracy. According to grid 
independency analysis, the mesh with cells 5 µm interval size 
cells showed no significant change in the results but the 
required calculation time was increased exponentially. 
Methodology 
The PBS device is placed under an optical upright microscope (Tucsen 
ISH500, Tokyo, Japan) with a micro inspection lens system (Optem 
zoom 125C with a broad 12.5:1 zoom range and a 20X objective). 
Whole blood samples are drawn from healthy volunteers at Mutua 
Figure 2 Overall dimensions of the models. All dimensions are in [mm]. Model 
(a), (b), and (c) are presented Lopsided, Perpendicular, and Misaligned-
lopsided, respectively.  The length of the channel in all three designs is 22 
[mm]. Model (a) has 38 branches while model (b) has four more and model 
(c) has one less branch in the same length due to their specific geometry.
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Hospital in Terrassa and collected via 5 ml vacutainer collection tube 
which contains anti-coagulant (Ethylenediamine tetra-acetic acid) to 
postpone the sedimentation phenomena during the experimental 
setup. The samples are stored at 4 ºC temperature until usage to 
maximize the liveability of the cellular components and are gently 
mixed back and forward to prevent possible undesirable cells 
sedimentation prior to testing. All the experiments processed at the 
room temperature (20-25 °C). The results are observable with the 
naked eye. Although the microscopic pictures are taken to show the 
results with higher precision. An image processing is developed by an 
open source ImageJ software to analyze the particles by their 
population and verify the results from visual observation. To 
determine the purity of the extracted plasma, a rectangular area (200 
µm × 400 µm) in the blood main channel is selected and compared 
with the same size area in the plasma collector channel. These areas 
are captured by microscope after the plasma collector channels are 
filled completely. The number of blood cells in these areas are 
counted by the particle analysis method of the ImageJ software. 
Eventually, purity is expressed by: 
Purity% = (1 − (
final cells density
initial cells density
)) ∗ 100%   (3) 
In order to qualify the amount of the separated plasma, the volume 
of the plasma in the lateral outlets which is measured by a disposal 
microsyringe (1 ml @Henke Sass Wolf Of America, Inc.), is compared 
to the volume of the droplet of injected blood. The result considers 




) ∗ 100%     (4) 
On the other hand, three different antibodies; Anti-A in blue, Anti-B 
in yellow, and Anti-D with no color (DiaClon @BIO-RAD laboratories 
Inc. Hercules, California, United States) are added to each blood 
outlets to generate the possible agglutination for ABO/Rh blood 
typing from the direct method. Optimal agglutinate formation occurs 
when the amounts of antigen and antibody are in equivalent 
proportions. The prozone phenomenon occurs when either the 
antigen or the antibody is in excess which leads to false negative 
result [45]. In commercial kits (direct blood typing), the 
concentration of antibodies is optimal to create agglutination, 
however, in patient’s serum the concentration of natural antibodies 
can change from patient to patient and the concentration may not 
be optimal to generate a strong agglutination in indirect blood 
typing. Therefore, detection of RBC agglutination due to natural 
incomplete (IgG) antibodies present in a patient’s serum is more 
challenging. To perform the indirect blood typing method, two 
known blood samples (A and B) are prepared. These samples are 
added to the unknown extracted plasma. To achieve the optimal 
ratio, RBCs are slowly added to plasma on a separate laboratory 
glass. As more antigen is added, the reaction enters the equivalence 
zone, where both the optimal antigen-antibody interaction and 
maximal precipitation occur. If even more antigen was added, the 
amount of antigen would become excessive and actually cause the 
amount of precipitation to decline. After obtaining the optimum 
ratio between plasma and RBCs, a specified droplet of a known blood 
group is added on each plasma outlet at the end of the plasma 
collector channels, and well mixed. The criterion of agglutination is 
easily interpreted by the comparison between agglutinated with 
non-agglutinated cells. The type of blood is indicated from having or 
not having a reaction between antigens around the RBCs and 
antibodies in the plasma. For instance, agglutination occurs when 
anti-A is added to blood with A-antigen on its RBCs, revealing the 
blood type as A. The absence of this reaction means that the sample 
belongs to either blood type B or O. Finally, the results from ABO 
direct grouping method is validated with ABO indirect grouping 
method. To have a better observation of these changes caused by 
the addition of Anti-A, Anti-B, and anti-D to blood outlets and RBCs-
A and RBCs-B to plasma outlets, each test repeated three times and 
each time a picture is taken from the outlet. There are 4 different 
blood samples in total to analyze. Each test needs three pictures for 
the direct method and two pictures for the indirect method. In case 
of having a reaction between antigens and corresponding antibody, 
agglutination occurs (cells stick together) and the number of 
unattached RBCs in that zone decreased significantly. A clear 
difference in the agglutinated and non-agglutinated reactions is 
observable for each blood type from both direct and indirect 
method. Whereas the agglutinated sample has less unattached 
particles than the non-agglutinated, fewer cells indicate the positive 
reaction. 
Fabrication 
The proposed device contains two parts; a polydimethylsiloxane 
(PDMS) part which comprises the blood transport main channel 
and the plasma collector channels (top part), and etched glass 
that has the array of pillars for plasma extraction (bottom part). 
These two parts are bonded via the oxygen-plasma method. A 
brief description of fabrication stages for each part is provided 
in Figure 3. 
Bottom part 
The etched glass is fabricated according to the standard wet 
etching process, Figure 3a. The pattern for the etched part is 
Figure 3 Fabrication process: (a) the standard wet etching process, (b) the 
conventional standard soft lithography procedure, (c) bonding process 
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designed by AutoCAD 2018 and printed out with the high-
quality printer on a UV-exposed double layer resist film to 
prepare the mask. The laboratory glass that is going to be used 
for etching is cleaned by the Piranha cleaning process. The spin 
coater is set to 2000 RPM in 30 s to reach 0.25 µm thickness. A 
layer of positive photoresist (MICROPOSIT S1818 @ DOW® 
chemical company, Midland, Michigan, United States) is coated 
on the cleaned glass in a darkroom. The pattern is printed on 
this layer with the help of UV light for 4.85 s. After the curing 
process on a hot plate, the rest of photoresist material is 
removed with the S1818 developer (MEGAPOSIT MF-24A @ 
DOW®) in 55 s. In order to etch 1.8 µm depth pillars, the glass 
substrate is immersed in HF acid (Hydrofluoric acid @ SIGMA-
ALDRICH company, St. Louis, Missouri, United States) for 3 
minutes. To remove the resist residues, acetone (@SIGMA-
ALDRICH) in an ultrasonic bath is used then is rinsed with DI 
water and dried on a hotplate. 
Top part 
To form the microchannel on PDMS, the conventional standard 
soft lithography procedure is used which is illustrated in Figure 
3b. A thick layer of epoxy based (SU-8 photoresist @ 
GERSTELTEC SÀRL from Pully, Switzerland) is coated on a 
cleaned laboratory glass in a dark room at 1080 RPM for 45 s to 
reach a uniform layer with 25 µm thickness. After 15 minutes’ 
relaxation time, the coated substrate is soft-baked in two steps: 
10 minutes at 65 °C and 60 minutes at 95 °C and is cooled down 
to the room temperature. The microchannel pattern is also 
designed by AutoCAD 2018 and printed out with the high-
quality printer to make the mask. The pattern is printed on the 
coated substrate by UV exposure lamp for 8 seconds. After 10 
minutes’ delay time all the parts of uncured resist is washed 
with the SU-8 developer, PGMEA (Propylene glycol methyl ether 
acetate @GERSTELTEC SÀRL, Pully, Switzerland) for 4 minutes 
to obtain the master mold. 
In order to create the PDMS part, a mixture of silicone 
elastomer base and its curing agent 10:1 (@SYLGARD 184, Dow 
Corning, Midland (MI) the United States) is prepared. The 
surface of the mold is covered by the vapor of 
Chlorotrimethylsilane (puriss., ≥99.0% (GC) @SIGMA-ALDRICH) 
under the hood to be able to peel off the PDMS from the mold 
easily. An open top aluminum box is made to place the mold. 
The mixture is poured on the mold and is heated for 1 hour at 
80°C to bake the PDMS. The PDMS block which has 
microchannels pattern, simply is peeled off from the mold and 
cut into an acceptable piece and punched to create the orifices 
of inlet and outlets by using a biopsy micro puncher. As it is 
shown in Figure 3c the Oxygen-Plasma oven (Gambetti Vacuum 
Technology, Binasco (MI) Italy) is used to assist in irreversibly 
bonding the PDMS block to the etched glass. Oxygen plasma has 
to activate the surfaces of the PDMS and the etched glass that 
has to be bonded together. The plasma-time is set to 40 s and 
the power is set to 20 W, also the stabilization time is set on 10 
s. After that, the reciprocal surfaces of both parts are activated 
so the PDMS is placed in contact with the glass and then the 
glass/PDMS structure is placed on a 75ºC hotplate for 5 minutes 
to increase the bonding strength. 
Results and discussion  
Numerical results 
In order to optimize the design of the main channel three 
factors are considered; pressure drop, velocity, and particle 
concentration. Numerical simulation was performed at very low 
Reynolds number since blood is driven by capillary forces. The 
results showed that the Perpendicular design provides 2.52% 
less pressure drop than the Lopsided design while the 
Misaligned-lopsided design provides 58.33% less pressure drop 
compared to the Perpendicular design. Additionally, the 
evolution of Y velocity studied. In a horizontal line shown in 
Figure 5a from the inlet to the outlet of the main channel, 
parallel to the centerline but very close to the wall. Figure 5 
shows the evolution of velocities in the Y direction as a function 
of the X position. The Y direction velocity in Misaligned-lopsided 
exceeds that of both Lopsided and Perpendicular designs by 
187%. The results of this study indicate that Misaligned-
lopsided pushes the particles towards the sides of the main 
channel with greater force delaying clogging effect through the 
channel. 
Figure 4 illustrates the discrete phase model (DPM) 
concentration contours at the first branch after the inlet of each 
design. The increased concentration at a branch indicates more 
interactions and consequently more trapped particles at the 
side channels. The numerical simulation shows that since the 
flow is laminar, the flow lines expand following the main 
channel walls, and therefore, the channel walls’ curvature 
affects the neighboring flow streams. Owing to the small scale 
of the microchannel, any changes in the direction and 
magnitude of the flow stream should not be neglected. The 
results from this study show that particle concentration is 
56,70% more in the Misaligned-lopsided than Perpendicular 
designs and 22.42% than Lopsided design at the beginning of 
the branches. Therefore, the Misaligned-lopsided design has 
been chosen to be fabricated. It is fair to mention that since this 
simulation is in 2-D, there is a significant difference between 
numerical and experimental results. In fact, the channel has a 
bottom part (in the real case) that the flow can go to the sides 
which in the 2-D model is not considered, but since the bottom 
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part for all these three cases are the same so this study is 




Three different devices were fabricated according to the 
methodology and a 50 µl droplet of undiluted blood was used 
for conducting the test. Table 1 shows the amount of extracted 
plasma from each device with respect to their extraction-time. 
According to the results, the plasma collector channels are 
completely filled in around 10 min. The amount of extracted 
plasma from each collected channel is 3±0.3 µl. Based on the 
Equation (4), this device has a 12% yield. 
 
Table 1. Specification of the plasma outlet geometry and the extracted 
plasma. 
Tests Volume [µl] Time [min] 
1st 5.7 9 
2nd 6.5 12 
3rd 6 10 
 
Figure 6 shows the evolution of the blood from the main 
channel to the plasma collector channel. Figure 6a illustrates 
the main channel filling process which trapped the cells 
completely in the sides thanks to the novel design and bubble 
disappearance vacuuming technic. Figure 6b depicts the cell-
free region at the main channel after 5 minutes which allows 
the injection of even more blood that results in extracting a 
larger amount of plasma. Figure 6c and d show the area used to 
evaluate the purity of plasma. After directly counting the 
number of blood cells in these areas, it has been confirmed that 
final blood cells in the plasma collector channels are zero. 
According to the Equation (3), the efficiency of purity obtained 
100% which means all the RBCs are trapped in the main channel 
and no cell penetrates to the plasma collector channels. The 
excellent purity of the extracted plasma is one of the significant 
advantages of this device. The other remarkable property is its 
separation efficiency without requiring any dilution of a blood 
sample. The major superiority of this device compared to the 
simple straight main channel [39] is that the amount of 
extracted plasma from the corrugated main channel has been 
raised by 6 folds. This enhancement is due to the increase of 
extraction area since the corrugated design is 2.5 times larger 
Figure 5 Comparison of velocity in Y direction on a horizontal line near side channels at each design (a) The studied 
line position in the main channel.
Figure 4 Comparison of DPM concentration at each branch (a) Perpendicular design (b) Lopsided design (c) Misaligned-lopsided design 
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than a simple straight channel. Besides, the existence of 
bubbles at the end of the corrugated design delays the clogging 
process. 
Since the amount of extracted plasma is adequate to be divided 
into several outlets, multiple detections can be applied to this 
device. Therefore, the BPS device is used to implement direct 
and indirect blood typing. 
 
The comparison of the BPS system that we have presented in 
here with the other passive BPS designs is prepared in Table 2. 
All of them work with undiluted blood sample. Our design has 
several potential as a POC device. It is a self-driven microfluidic 
system which doesn’t need any pumps or external forces.  The 
system can be integrated by introducing different reagents in 
order to apply other tests. Having the possibility of integration 
of different reagents in either blood outlet or plasma outlet 
leads us to multiplex this system with an ABO/Rh blood typing 
test. In this case three blood outlets will identify the blood type 
from direct method and two outlets from plasma collector 
channels is just suitable to validate the results of the blood type 
from the indirect method 
 
Table 2. Comparison of latest passive BPS which works with whole blood 
Name  Volume injected Purity  Yield  Time  
Maria et al. [35] 10 99.9 20 15 
Hojat et al. [39] 5 98 2 3-5 
Lenk et al. [42] 30-60 - 13 3 
Park et al. [36] 15 100 0.2 - 
This work 50 100 12 10 
Application to blood typing 
The proposed BPS is designed to perform the blood typing with 
both direct and indirect methods, simultaneously. In order to 
validate the appropriate mixing ratio for direct method, three 
different amount of IgM antibodies; 1, 2, and 3 µl are added on 
three different laboratory glasses and mixed with 3 µl of blood, 
prior to the test implementation. The most detectable 
agglutination belongs to the glass with an equal amount of 
antibody and blood (3 µl of each) as it is shown in Figure 7a 
which is in agreement with the results presented in other 
studies [45]. Due to the strong bindings between IgM antibodies 
and antigens of the direct method, the differences in 
agglutination behavior of the three mixture compositions are 
easily distinguishable by the naked eye. The glass number one 
in Figure 7a shows the reaction between unknown blood and 
Anti-A while no reaction is observed with Anti-B and Anti-D, 
which clarifies the type of blood to be A (Rh-). Whereas the 
results from the glass number two shows the indication of blood 
type B (Rh-), due to the absence of any reaction with Anti-A and 
D.  
For indirect blood typing, the ratio of added RBCs is also 
optimized. Taking into account the fact that the human blood 
group antibodies are mostly IgG and therefore, the 
agglutination is not easily visible by naked eye. Since the 
confirmation of possible reaction is easier with higher contrast 
between agglutinated and non-agglutinated samples, the 
differences of positive and negative reactions are investigated. 
Figure 8 shows positive and negative reaction differences of 
various plasma/RBC ratios, in order to keep the required 
volume of the plasma as minimum as possible while maximizing 
the difference between positive and negative reactions. For this 
reason, the number of unattached cells for each positive and 
negative reactions are counted by ImageJ software and 
compared with all other sample ratios. According to Figure 8, 
75% plasma ratio is selected to achieve the highest value of 
Figure 8. Experimental results of optimizing the plasma/RBC ratio
Figure 7 preliminary experiments on the glass for direct and indirect 
method
Figure 6 (a) Trapping of RBCs in the side channels, (b) Pulling RBCs to the 
side channels , (c) The area of purity measurement at the plasma collector 
channel, (d) Purity measurement area at the main channel after 10 minutes
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differentiation between a positive and negative reaction. The 
agglutinated and non-agglutinated patterns at this mixing ratio 
are detectable by naked eye as presented in Figure 7b. In this 
figure, 1 µl RBC is added to 3 µl plasma. The existence of 
agglutination in a mixture of an unknown plasma sample and 
RBC-A indicates blood type B and vice versa. In the plasma 
extracted from type B blood, there are anti-A while in plasma 
from type A, there are Anti-B. The results from the indirect 
method are indicating the blood type A on the glass number one 
(reaction between plasma and RBC-B) and B on the glass 
number two (reaction between plasma and RBC-A), which is in 
agreement with the results from the direct method. 
At this point, the microfluidic BPS is used to perform all these 
separated tests in a single standalone device. A droplet of 3 µl 
from each antibody is dropped on the corresponding RBC´s 
outlet to be mixed with the unknown blood sample. 
Figure 9 shows the real picture of microchip that is used to 
analyze blood typing. The photographs are taken at the same 
time as the microscopic measurements. Three different pictures 
are taken from these three outlets under the microscope. This 
figure shows the blood type A (Rh-) since there are positive 
reactions with Anti-A, but no reaction with Anti-B and Anti-D. 
After this short procedure, the plasma is extracted and ready to 
be mixed with two known blood samples from group A and B. 
One droplet of 1 µl from each RBC-A and RBC-B samples are 
added to the outlets of plasma collector channels, to see the 
possible reaction with the antibodies in the extracted plasma 
after getting mixed. Two pictures are captured from these 
outlets as well and compared with the pictures from the direct 
method to verify the blood type. Representative agglutination 
patterns from the microscopic pictures that are captured from 
the outlets are depicted also in Figure 9. The agglutination of 
the aforementioned cells will allow the determination of the 
blood type from the natural antibodies of the patient’s plasma. 
Figure 9a shows the agglutination with Anti-A and in Figure 9b 
and c  no reaction with Anti-D or Anti-B is seen. Which verifies a 
person with blood type A (Rh-). In Figure 9e the positive reaction 
of RBCs-B and antibodies that caused an agglutination is visible 
and Figure 9d indicates that there is no reaction between RBCs-
A and a particular antibody available in plasma, which 
determines the blood type A and validates the result from direct 
method. 
The ABO/Rh blood typing test is conducted using A+, A-, B+, B-, 
AB+, AB-, O+, and O- blood types. The ImageJ calculated the 
number of unattached particles at each outlet. All the blood 
types that are shown in Figure 10, contains three bars for the 
direct methods and two bars for indirect. The differences are 
significant. The direct method compares the mixture of blood 
cells and anti-A, B, and D by their particle numbers, while in 
indirect method the particle numbers are representatives of the 
comparison of the mixture of plasma and RBC-A and RBC-B. The 
number of unattached particles from the direct method is 
higher since 3µl of the whole blood sample is mixed with 
antibody while for the indirect method just a droplet of 1µl of 
RBCs is used. In these graphs for the indirect method if the 
number of counted cells are less than 100, it is considered as a 
positive reaction and for direct method the positive reaction is 
for less than 300 cells. For instance, the blood type A (Rh-) has 
a reaction with Anti-A and Anti-D and no reaction with Anti-B, 
from the direct method, and since there is no Anti-A in its 
plasma, there is no reaction with plasma A that verifies the 
results from direct method. 
 
Figure 10 Comparison of the number of RBCs in a mixture of blood group A 
(Rh+), A (Rh-), B (Rh+)and B (Rh-) AB (Rh+), AB(Rh-), O(Rh+), O(Rh-) with 
Antibody A, B and D in black; and also in a mixture of plasma and RBC A and 
B in grey, to show the positive or negative reactions from both direct and 
indirect methods. 
Figure 9 The real device. The microscopic pictures of reaction of blood 
sample with different antibodies; (a) Anti-A, (b) Anti-B, (c) Anti-D & the 
visible clumping of RBCs with a particular antibody (d) RBCs-A, (e) RBCs-B, 
which mixed with unknown extracted plasma.
ARTICLE Journal Name 
10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 
Please do not adjust margins 
Please do not adjust margins 
Tolerance for hematocrit validation 
The hematocrit (HCT), is a blood test that measures the volume 
percentage of red blood cells in blood. Hematocrit can vary 
from the determining factors of the number of red blood cells. 
These factors can be from the age and sex of the subject. The 
measurement depends on the number and size of red bloods 
cells. It is normally 40.7% to 50.3% for men and 36.1% to 44.3% 
for women. Considering on-site blood typing, the hematocrit 
level of the tested sample is usually unknown, and this can 
influence the results. Thus the method should perform variable 
values of hematocrit. To this end the tolerance of the number 
of particles for three different dilution ratio was tested. 
Three different hematocrit level of a blood sample are prepared 
which their RBC volume is constitute between 20% to 50%. In 
order to establish the validity of our system as a blood typing 
detector, the influence of haematocrit ratio has been analysed. 
Figure 11 shows the numbers of single free RBCs for all the 
samples which are mixture of  each blood type (A, B, AB, and O) 
with Anti-A and Anti-B separately. ImageJ is used for this 
analyzation. This device couldn’t generate a reliable result for a 
sample with higher than 55% of hematocrit ratio, presumably 
due to the high viscosity which confront the capillary force and 
result in fast drying and clogging in the channel. However, all 
four types of blood showed similar behaviour for three diluted 
ratios of 20, 35 and 50%. Blood type O has no reaction with 
neither Anti-A nor Anti-B while blood type AB reacted with both 
antibodies.  
It should be noted that the limitation of this study is that Anti-A 
and Anti-B used are colored, in the same manner as general 
diagnostic reagents used for manual ABO/Rh blood typing, the 
anti-A is blue and the anti-B is yellow in color. These colors could 
possibly affect the visual blood type detection with naked eye, 
but not with particle analysis. Our hemagglutination detection 
method demonstrated the capability to deal with such 
challenging cases. We consider that the microscopic sensor-
based hemagglutination detection is more sensitive and 
accurate than a visual test but it could be explored in further 
research on integration of this method with a photonic 
detection system. Additionally, in order to create a stand-alone 
POC blood typing test, the measurement of the agglutination 
should be quantified. Further work could lead to efficient 
biomarker detection [46]. 
 
Conclusions 
A novel microfluidic channel with dead-end branches at each 
side was designed, fabricated and validated through ABO/Rh 
blood typing tests. Three different microfluidic channel designs 
were simulated using finite elements methods. The appropriate 
design achieved a better RBC trapping in the side channels. By 
the help of dead-end zone part at the end of each branch of 
corrugated channels, the clogging process was postponed, 
therefore the volume of extracted plasma was maximized. The 
experiment has required only a single droplet (50 μl) of whole 
blood without the need of any external forces or pre analytical 
steps. A volume of 6 μl plasma was successfully extracted in 
about 10 min with the highest purity level (100%). The 
microfluidic device was closed except for the inlet and outlet 
ports, protecting the reaction from environmental interference. 
From the outcome of this investigation it is possible to conclude 
that the BPS design has potential to be used in several 
applications as a POC device. The availability of multiple 
channels in this design has proved suitable for blood typing tests 
by introducing different reagents with small volumes. This 
passive microfluidic ABO/Rh blood typing system was designed 
for simultaneous detection of direct typing tests and indirect 
typing tests by naked eye. The eye-catching accuracy of results 
was also validated by microscopic evaluations. This device is 
self-driven, low cost, simple, portable, accurate, and fast for 
blood typing which leads to numerous applications in hospitals, 
clinics, and local laboratories. 
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